Objectives/Hypothesis: Age-related changes in laryngeal muscle structure and function may contribute to deficits in voice and swallowing observed in elderly people. We hypothesized that treadmill running, an exercise that increases respiratory drive to upper airway muscles, would induce changes in thyroarytenoid muscle myosin heavy chain (MHC) isoforms that are consistent with a fast-to-slow transformation in muscle fiber type.
INTRODUCTION
Age-related changes in intrinsic laryngeal muscle structure may contribute to vocal function deficits, dysphagia, and aspiration observed in elderly people. These functional deficits may be caused by mechanisms associated with age-related reductions in skeletal muscle mass and strength, termed sarcopenia.
1 Because voice and swallowing disorders are so prevalent in elderly people, 2,3 the development of effective treatments that target underlying changes within aging cranial muscles active in these critical functions is a clinical priority.
The thyroarytenoid (TA) muscle is a paired intrinsic laryngeal muscle that is active during voice production, the pharyngeal phase of the swallow, and during respiration. [4] [5] [6] [7] The right and left TA muscles, when contracted, provide tension to the vocal folds and are active during vocal fold adduction, which is critical to voice production and airway protection. During respiration, the TA is phasically active during expiratory actions and tonically active during inspiratory actions, suggesting active adduction of the vocal folds, a laryngeal breaking mechanism during exhalation, and slight movement of the vocal folds toward midline during inspiration. 5, 8, 9 The specific mechanical properties that govern actions of the TA muscle, such as maximum shortening velocity, power, and adenosine triphosphate (ATP) consumption, are defined by the isoform composition, or molecular signature, of muscle fibers. 10 The rat TA is composed primarily of myosin heavy chain (MHC) type II isoforms: MHCIIx, MHCIIb, and MHCIIL. [11] [12] [13] [14] Fibers of this phenotype have the highest force-generation capacities and the most rapid twitch response (IIx < IIb < IIL). The superfast MHCIIL isoform is unique to the laryngeal and extraocular musculature, and fibers of this composition have the fastest contraction times (< 10 ms). 13, 15 Because of the fast contraction times characteristic of the TA and its cross-system role in voice, swallow, respiration, and airway protection, age-related alterations in TA muscle structure may have implications for performance of these critical functions.
Age-related declines in TA muscle structure and physiology have been observed in both human and animal models. With increasing age, the degeneration of the musculoskeletal system may induce muscle atrophy and denervation-like changes at the neuromuscular junction, [16] [17] [18] cause a transition from fast-to-slow contracting muscle fiber types, [19] [20] [21] and affect laryngealrespiratory kinematics, 22, 23 resulting in an overall decline in muscle function. 24 It has also been shown that with increasing age, the microvascular geometry within the TA is altered 25 and may suggest impaired blood flow within this muscle. In addition, the regenerative capacity of the TA muscle may be impaired with age. 26 A decrease in the regenerative potential of TA muscle satellite cells may contribute to a reduction in muscle regeneration after injury in elderly people. 26 It is clear that these age-related alterations in TA muscle structure and physiology may contribute to deficits in laryngeal function and thus to dysfunction in phonation, deglutition, and/or respiration.
Current clinical treatments that target the intrinsic laryngeal muscles with the goals of strengthening or increasing the activity of the associated musculature have done so directly, either with voice and/or respiratory therapy. Voice and respiratory therapies have been associated with functional improvements in humans [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] and in animal models, but very few studies have examined the underlying effects of therapy on intrinsic laryngeal muscle structure and physiology. In an aging rat model, it was demonstrated that behavioral vocal training increased vocalization rate, reduced age-related effects on vocal acoustics, and reduced neuromuscular junction motor endplate dispersion in the TA muscle. 18 However, it is not known if exercise affects TA muscle biochemistry in a manner similar to exercise of other skeletal muscles, with a transformation reflecting a fastto-slow transformation in muscle fiber type. [37] [38] [39] [40] In addition, a targeted vocal training approach may not be the only exercise-based treatment feasible for age-related changes and disorders that affect the intrinsic laryngeal muscles. Nonspecific exercises, such as treadmill running, which serve to increase TA muscle activity through increased respiratory drive 41, 42 may also induce changes in TA muscle structure that are capable of improving overall function.
The purpose of this study was to determine whether increased respiratory system-based activation of the TA muscle through treadmill running would affect its biochemical composition in young adult and old rats. To test the hypothesis that treadmill running would induce alterations in TA muscle biochemistry consistent with a fastto-slow muscle fiber type transformation observed in previous studies of skeletal muscle exercise, assays of MHC composition of the TA muscle were performed in young adult and old rats following 8 weeks of treadmill running compared with nonrunning age-matched controls.
MATERIALS AND METHODS

Animals
This study was performed in compliance with the National Institutes of Health Guide for Care and Use of Laboratory Animals, Eighth Edition, and approved by the Animal Care and Use Committee of the University of Wisconsin School of Medicine and Public Health, Madison, Wisconsin.
Male Fischer 344/Brown Norway rats (n 5 29) were obtained from the National Institute on Aging colony (Harlan Laboratories, Indianapolis, IN; Charles River Laboratories, Kingston, NY, and Raleigh, NC) at the ages of 6 and 29 months old. Upon the completion of the study, rats were 9 months old (young adult, n 5 15) and 32 months old (old, n 5 14). The median life expectancy of the Fischer 344/Brown Norway rat is approximately 36 months. 43 Rats were obtained 2 to 3 weeks prior to the start of the experiment to allow for acclimation to the vivarium, handling, and the treadmill equipment and were housed in pairs in standard polycarbonate cages on a 12:12 hour light-dark reversed light cycle. Rats in the treadmill running group (n 5 15) were a subset randomly selected from a larger group of rats that contributed treadmill running, physiological, and histological data to a prior report concerning lingual muscle plasticity with exercise. 44 Animals in the treadmill running group were waterrestricted to 3 hours per day. 45 Body weights were recorded weekly at the same time of day to monitor the effects of the water restriction and training paradigms. Rats within the control group did not receive any exercise (n 5 14).
Treadmill Running
Experimental methods for rats in the treadmill running group have been detailed previously. 44 Briefly, rats were trained to run on a treadmill at a 208 incline. Each treadmill running session lasted 10 minutes and was performed 5 days per week for a total of 8 weeks. Before and following the 8 weeks of exercise, each rat completed an endurance test (ET) and a progressive running test (PRT). The times for the ET and maximal speeds from the PRT were recorded for each rat. Following the baseline PRT, rats were matched into treadmill running groups based on their performance. Throughout the 8 weeks of exercise, treadmill speeds were increased as rats achieved performance goals. Rats were trained at 50% of their PRT speed (weeks 1 and 2), 60% PRT (weeks 3 and 4), 70% PRT (weeks 5 and 6), and 80% PRT (weeks 7 and 8).
No Exercise
Rats were handled identically to those in the treadmill running group but did not participate in the exercise treatment for the 8-week duration of the experiment.
Myosin Heavy Chain Isoforms
The protein concentration of each TA muscle was optimized so that 0.4 lg of protein was added to each gel channel in duplicate. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed on each concentrate with a 0.75-mm thick 6% acrylamide/30% glycerol separating gel (18 3 16 cm) and a 4% acrylamide/30% glycerol stacking gel. A silver staining kit (SilverQuest Silver Staining Kit, Invitrogen, Carlsbad, CA) was used to stain the gel for visualization of protein bands. Each silver-stained gel was imaged digitally. An investigator masked to rat age and treatment determined the optical density of each band using computer-assisted image analysis and densiometry (UN-Scan-IT gel 6.1, Silk Scientific, Inc., Orem, UT). The ratio of the density of an individual MHC isoform band to the total density within a column was used to determine the percentage of each MHC isoform per lane. 19, 44, [46] [47] [48] [49] [50] [51] Good-to-excellent reliability using these procedures has been demonstrated in previous studies. 50 
Statistical Analysis
Paired t tests were used to compare maximal endurance test time (sec) and progressive exercise test speed (cm/s) within each age group prior to and following the treadmill running treatment. Analysis of variance (ANOVA) was used to compare age groups on endurance test time and progressive running test speed measures.
Two-way analysis of variance was used to examine age effects, treatment effects, and interactions for MHC isoform composition of the TA. Pair-wise comparisons were made between groups using Fisher's protected least significant difference tests. SigmaPlot 12 was used for all analyses (Systat Software Inc., San Jose, CA). The critical value for obtaining statistical significance was set at a 5 0.05.
RESULTS
Treadmill Running
Eight weeks of treadmill running was completed by all but one old rat. The old rat was classified as a nonrunner based on predetermined criteria and was removed from the study. Treadmill running data for a larger cohort of 35 rats was published previously. 44 Running data from the subset of 15 rats randomly chosen for this study from the larger group is reported below.
When the pre-and post-endurance test (ET) times (sec) were examined between age groups, a significant increase in the duration of time spent on the treadmill was observed following 8 weeks of exercise using paired t tests (t [5] 5 3.35, P 5 0.005). There was a 67.33% increase in time after the 8-week exercise program, indicating improved endurance for running after treadmill exercise. Paired t tests within each age group showed a significant increase in time spent on the treadmill following the 8 weeks of treadmill running within young adult rats (t [8] 5 6.34, P < 0.001). There were not significant time increases following the exercise training in the old group (t [7] 5 20.31, P 5 0.77) (Fig. 1) . The young adult group had the greatest percent gain in performance on the ET, with an average time increase of 126.39% compared with the old group (20.16%). The percent change in ET time between age groups was significantly different (F [1, 14] 5 11.94, P 5 0.004).
A significant increase in speed (cm/s) was observed using paired t tests (t [15] , 5 7.14, P < 0.001) when preand post-PRT were examined. There was an average overall 46.57% increase in speed after the 8-week exercise program, demonstrating that treadmill running increased the speed at which the rats were capable of running. Paired t tests within each age group showed a significant speed increase following the 8 weeks of treadmill running within young adult (t [8] 5 11.88, P < 0.001) and old rats (t [7] 5 5.44, P 5 0.002) (Fig. 2) . In addition, significant age effects were found for the PRT (F [1, 14] 5 13.66, P 5 0.003). The young adult group had greatest percent gain in speed (60.3%) compared to the old group (30.87%).
MHC Isoform Composition
Descriptive data for each measure by age and experimental group are shown in Table I . Representative silver-stained SDS-PAGE gels from the TA muscles of a young adult and old rat in the treadmill running and no exercise groups are presented in Figure 3A ,B.
On two-way ANOVAs, significant main effects for age were found for MHCIIL in the absence of significant interaction effects with experimental group. The young adult group had a significantly greater proportion of Fig. 1 . Endurance test times were significantly increased following 8 weeks of treadmill running within the young adult rats (P < 0.001). There were not significant increases following the exercise period in the old group. Fig. 2 . Progressive running test speeds significantly increased following 8 weeks of treadmill running for both age groups (P < 0.001). Data are expressed as average percentages (standard error) of myosin heavy chain isoforms in the thyroarytenoid muscle for each age group and exercise treatment.
MHCIIL than the old group (F [1, 25] 57.247, P 5 0.012) (Fig. 4) .
Significant main effects for experimental group were found for MHCIIL and MHCIIx in the absence of significant interaction effects with age. The treadmill running group had a significantly lower proportion of MHCIIL (F [1, 25] 54.794, P 5 0.038) and significantly greater proportion of MHCIIx (F [1, 25] 5 13.129, P 5 0.001) (Fig. 5) than the no exercise group. No other significant age, experimental, or interaction effects were found.
DISCUSSION
The hypothesis of this study was that treadmill running would induce changes in the structural properties of the TA muscle in young adult and old rats that are consistent with a fast-to-slow transformation observed in previous studies of exercise training in skeletal muscle. [37] [38] [39] [40] Our results supported this hypothesis and are indicative of musculoplasticity within the TA as a function of age and exercise. With both age and exercise, there was a shift toward more slowly contracting MHC isoforms, as evidenced by a reduction in the MHCIIL isoform with increasing age, and a reduction in the MHCIIL and an increase in the MHCIIx isoforms following 8 weeks of treadmill running.
Biochemical alterations in TA muscle composition have structural, physiological, and functional implications, as demonstrated in this and previous studies using an aging rat model. Age-related changes in TA muscle structure are evidenced by an overall reduction in the number of TA muscle fibers, muscle fiber atrophy, and an increase in the abundance of intramuscular connective and adipose tissues. 20, 26, 52 The reduction in the proportion of fast contracting isoforms, specifically a reduction in the superfast MHCIIL isoform, that we observed in the present study is consistent with previously reported findings, and may indicate the transformation or replacement to a slower contracting muscle fiber type. 19, 21 A reduction in the MHCIIL isoform may reduce the overall contraction speed of the TA muscle and may contribute to functional deficits in voice and Fig. 3. (A,B) Representative silver-stained SDS-PAGE gels from the thyroarytenoid muscles, which show aging (A) and exercise (B) effects. Fig. 4 . Significant main effects for age were found for the myosin heavy chain isoform, MHCIIL. The young adult group (n 5 15) had a significantly greater proportion of MHCIIL than the old group (n 5 14) (P 5 0.012). MHC 5 myosin heavy chain; TA 5 thyroarytenoid. swallowing. Aging has also been shown to affect the neuromuscular system, inducing changes in neuromuscular junction morphology [16] [17] [18] 20 consistent with those observed after denervation, as well as motoneuron loss in brain stem nuclei that innervate the laryngeal muscles. 53 Changes in muscle structure and neuromuscular junction morphology may have physiological implications and may contribute to reduced force production, increased contraction times, and increased fatigue observed in aged rats. 20 These age-related changes in the laryngeal neuromuscular system may contribute to discoordinated laryngeal and respiratory motor actions, 22, 23 and subsequently affect vocal function. For example, in a recent study, rat ultrasonic vocalizations showed diminished acoustic complexity with increasing age with reduced amplitude, bandwidth, and intensity; reduced mean frequency for vocalizations classified as "simple" and "complex"; and longer duration. 18 Thus, it is evident that age-related alterations in the rat TA have structural, physiological, and functional implications.
This study was the first to investigate MHC isoform composition of the TA muscle following nonspecific laryngeal muscle exercise using treadmill running and to report that this form of exercise altered TA muscle biochemical structure. The treadmill running exercise paradigm aimed to increase running speeds over the 8-week training period, while also increasing respiratory drive and TA activation to maintain a patent airway. Running performance improved in both age groups throughout the training program, as evidenced by the ability to run at faster speeds, but running endurance only improved in the young adult group. Because we did not measure muscle contractile properties, MHC isoform composition, or the cross-sectional area of the limb muscles following the training paradigm, we cannot determine underlying biochemical or physiological mechanisms for lack of endurance improvement in the old rats. It is well known that aging affects exercise endurance, 54, 55 and this 8-week program may not have been sufficient to improve endurance levels in our old subjects.
Other work has shown that a hypercapnic state also increases TA activation during expiration to reduce airflow and maintain alveolar expansion and can result from exercise that induces an exaggerated respiratory response. 41, 42 These findings, in combination with other results in which vocalization training in the aging rat altered both ultrasonic vocalization acoustics and neuromuscular junction morphology in the TA, 18 indicate that exercise training can take several forms. Because the TA is involved in respiratory actions, a promising translational pathway for laryngeal muscle exercise may be through a route that upregulates breathing by increasing respiratory drive, such as treadmill running.
With endurance and strength training exercise in the limb and tongue musculature, fiber types generally shift to a more slowly contracting fatigue-resistant phenotype. [37] [38] [39] [40] We observed a similar transition in our treadmill running group, a decrease in the proportion of the MHCIIL isoform, and an increase in the proportion of the MHCIIx isoform. This transition in MHC isoform composition, if it occurs in humans, may contribute functionally to an overall reduction in TA muscle fatigue and possibly vocal fatigue. However, we cannot confirm this potential explanation in our rat subjects because we did not measure the contractile properties of the TA muscle in this study, nor did we have a functional measurement of rat vocalization following the 8 weeks of treadmill running.
There are some limitations to consider when translating the findings of our study to phonation, deglutition, or respiration. First, there were no functional voice, swallowing, or respiratory measures. Because we did not include any behavioral (videofluoroscopy or ultrasonic vocalizations), contractile, or respiratory measures, it is difficult to attribute possible functional improvements to the changes that we observed in the biochemical properties of the TA muscle. Second, there are additional intrinsic laryngeal muscles with key roles in voice production, deglutition, and respiration that we did not include in the study. In the future, it would be advantageous to study the effects of exercise on the lateral cricoarytenoid, interarytenoid, posterior cricoarytenoid, and the cricothyroid. Third, we did not perform any immunohistochemical assays to measure muscle fiber crosssectional area to assess age-or exercise-related muscle hyper/atrophy. Fourth, human and rat vocalizations are produced by different mechanisms, and generalization of our findings to human phonation must be made with caution. However, there are more similarities than differences in rat/human TA muscle structure, making the rat a useful model for our specific research questions.
CONCLUSION
Following treadmill running in the rat, we observed a shift toward a more fatigue-resistant phenotype in the TA muscle; that is, a reduction in MHCIIL and increase in MHCIIx, presumably due to the increased activity of the TA resulting from increased respiratory demands. The clinical implication of these findings is that these transitions in MHC composition may have physiological correlates that prove important for airway protection during the pharyngeal phase of the swallow or that lead to reduced vocal fatigue in elderly people. Further studies are needed to determine the physiological, behavioral, and functional changes of the intrinsic laryngeal musculature after exercise treatments.
